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The gauged U(1)Lµ−Lτmodel can provide for additional contributions to the muon anomalous
magnetic moment by means of a loop involving the Z′ gauge boson. However, the parameter
space of such models is severely constrained if one combines the latest muon (g − 2) data with
various neutrino experiments, such as neutrino trident production, ν−e and ν−q elastic scattering,
etc. In a supersymmetric U(1)Lµ−Lτmodel, a larger region of parameter space opens up, thus
enabling one to explore otherwise forbidden regions of parameter space in nonsupersymmetric models
involving the new gauge coupling (gX) and the mass of the Z
′ gauge boson (MZ′) . We show that
the minimal model with the minimal supersymmetric Standard Model (MSSM) field content is
strongly disfavored from Z-boson decay and neutrino data. We also show that the nonminimal
model with two extra singlet superfields can lead to correct neutrino masses and mixing involving
both tree-level and one-loop contributions. We find that, in this model, both muon (g − 2) and
neutrino data may be simultaneously explained in a parameter region consistent with experimental
observations. In addition, we observe that the muon (g − 2) anomaly can be accommodated even
with higher values of electroweak sparticle masses compared to the MSSM. Charged lepton-flavor-
violating processes (like µ → eγ, τ → µγ, etc.) may have potentially large branching ratios in this
scenario. Depending on the magnitude of the supersymmetry contribution to these processes, they
may constrain hitherto unconstrained regions of the MZ′ − gX parameter space. However, we find
that these branching fractions never exceed their upper bounds in a region where both muon (g−2)
and neutrino oscillation data can be simultaneously accommodated.
I. INTRODUCTION
The Standard Model (SM) of particle physics is a suc-
cessful theory. However, it does not seem to be a com-
plete one: it cannot explain either the neutrino masses
and mixing pattern or the 3.6σ discrepancy between the
SM prediction of the anomalous magnetic moment of the
muon and its experimental value [1–4]. In order to ex-
plain the neutrino mass pattern and mixing [5] and the
muon anomalous magnetic moment, among other issues,
one needs to look for physics beyond the SM. There are
two basic ways in which the SM may be extended to ad-
dress these issues: extend the field content of the SM, or
extend the SM gauge symmetries. The simplest way to
implement the latter is to enlarge the SM gauge group
with an extra U(1) gauge symmetry.
Out of several models available in the literature, a very
interesting U(1) extension that has attracted a lot of at-
tention recently is the gauged U(1)Lµ−Lτ extension of the
SM. It was first studied in the three-generation minimal
Standard Model of quarks and leptons in the absence of
right-handed neutrinos[6, 7]. The contribution of the ex-
tra gauge boson Z ′ of this model to the muon anomalous
magnetic dipole moment was studied in Ref.[8]. The neu-
trino mass pattern and mixing angles in this class of mod-
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els, with suitable field content, were discussed in Ref.[9],
where the authors also discussed signatures of this model
in high-energy colliders alongside an analysis of the muon
(g − 2) anomaly.
A detailed fit to electroweak data was performed in
Ref.[10] in order to identify the allowed ranges of the
mass of Z ′ and its mixing with the SM Z boson. The
authors also studied this model in the context of neu-
trino mass model building. Constraints on the mass and
the coupling of the new gauge boson were derived from
neutrino trident production in [11]. Dark matter candi-
dates in this class of models and associated physics were
discussed in Ref.[12–19]. The possibility of detecting the
gauge boson (assuming its mass in the range MeV−GeV)
of U(1)Lµ−Lτ symmetry at the Belle-II experiment was
discussed in Refs.[20, 21]. In addition, constraints on
such a light gauge boson have been imposed from neu-
trino beam experiments [21], lepton-flavor-violating τ de-
cays [22], and rare kaon decays [23]. Higgs boson flavor-
violating decays were studied in Refs.[24, 25]. Some re-
cent anomalies involving B-meson decays were addressed
in Refs.[14, 18, 24, 26–28]. Neutrino masses and mixing
were studied in a U(1)Lµ−Lτ−symmetric model with ad-
ditional scalars and vector-like leptons in Ref.[29] and
with right-handed neutrinos in Ref.[30].
Considering the constraints on the gauged
U(1)Lµ−Lτmodel (especially from neutrino experi-
ments), it was shown, for example, in Refs.[11, 20],
that the parameter space allowed by the muon (g − 2)
anomaly is severely restricted. Supersymmetry (SUSY)
can be of immense help under these circumstances. The
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2supersymmetric contribution to muon (g − 2) in con-
junction with the usual contribution from Z ′ loop allows
us to explore parameter spaces where any one of these
contributions might be too low but together can explain
experimental data quite well. Along these lines, we show
that, in a SUSY version of the U(1)Lµ−Lτmodel, a much
larger region of the parameter space is free from all the
experimental constraints, including those from the LHC,
while still maintaining all of the attractive features of
the non-SUSY version. The allowed parameter space in
this scenario, which is otherwise forbidden in non-SUSY
models, can be probed using various pertinent observ-
ables like neutrino masses and mixing, dark matter,
several B−decay anomalies and signatures at the LHC.
The minimal supersymmetric Standard Model
(MSSM) is one of the most famous extensions of the SM
[31, 32]. Although it introduces contributions unique to
supersymmetry in muon (g − 2), data from the latest
LHC experiments restrict the sparticle masses to higher
and higher values[33]. This makes explaining muon
(g − 2) in MSSM increasingly difficult[34]. In addition,
R−parity-conserving MSSM cannot explain the tiny
nonzero masses of the neutrinos and their nontrivial
mixing pattern as observed in experiments involving
solar, atmospheric, accelerator and reactor neutrinos.
An intrinsically supersymmetric way of generating the
small neutrino mass pattern and mixing is to introduce
R−parity violation (RPV) (For a review, see, for exam-
ple, Ref.[35]). Another way of extending the MSSM, to
accommodate neutrino masses and mixing is to enlarge
the gauge group structure, and the simplest possibility
is to augment the SM gauge group with an additional
U(1) symmetry.
As we shall show, in a supersymmetric gauged
U(1)Lµ−Lτmodel it is possible to have much higher neu-
tralino and slepton masses while still explaining muon
(g − 2), in contrast with the MSSM as discussed above.
In this work, we show how nonzero neutrino masses and
a nontrivial mixing pattern can be achieved in this kind
of a setup along with a prediction for the muon (g − 2)
anomaly consistent with experimental observations. Let
us note in passing that a supersymmetric version of
U(1)Lµ−Lτwas also studied earlier in Ref.[36] where the
authors focused mainly on obtaining a leptophilic dark
matter candidate in order to explain the PAMELA[37]
and AMS-02[38] results.
Given that the explanation of neutrino mixing is di-
rectly connected to the presence of lepton flavor violation,
we look into the processes lj → liγ in particular, as these
follow from a similar set of diagrams that give rise to
(g− 2)µ. We calculate the branching ratios of these pro-
cesses in the nonminimal model and show that—because
they are connected directly to both neutrino masses and
the muon (g − 2) anomaly—they can never be too large
where neutrino masses can be small enough while still
explaining (g − 2)µ.
The plan of the paper is as follows. In Sec. II we
describe the minimal model and discuss its essential fea-
tures. The limitations of the minimal model will also be
presented. The nonminimal model will be introduced in
Sec. III and the scalar sector of the model will be stud-
ied. Sec. IV will be devoted to the fermionic sector of
this model and the neutralino mass matrix will be pre-
sented. We show how mixing of the neutrinos with the
neutralinos along with the mixing involving the singlet
fermions can generate tiny masses for the neutrinos. The
mixing of the light neutrinos will be studied in detail
in this section. The muon anomalous magnetic moment
(g − 2)µ will be studied in Sec. V. A detailed numeri-
cal analysis and allowed regions of the parameter space
will be presented. A brief outline of the calculation of
branching ratios for lepton-flavor-violating processes fol-
low in Sec. VI, along with a discussion of the results.
Our conclusions and future directions will be presented
in Sec. VII. Analytical expressions for the scalar mass
matrices, the chargino mass matrix and the amplitudes
for charged lepton-flavor-violating processes in the non-
minimal model are included in the appendices.
II. THE MINIMAL MODEL
The chiral superfield content of the minimal model
is that of the MSSM with the gauge group SU(3)c ×
SU(2)L × U(1)Y × U(1)Lµ−Lτ . The U(1)Lµ−Lτ charge
assignments of different chiral superfields are shown in
Table I. With the given charge assignments, we can write
Superfields Qˆi Uˆ
c
i Dˆ
c
i Lˆe Eˆ
c
e Lˆµ Eˆ
c
µ Lˆτ Eˆ
c
τ Hˆu Hˆd
U(1)Lµ−Lτ 0 0 0 0 0 1 -1 -1 1 0 0
TABLE I: U(1)Lµ−Lτ charge (QX) assignments to the chiral
superfields of the minimal model
the following superpotential.
Wmin =
ij
[
− yunmHˆiuQˆjnUˆ cm + ydnmHˆidQˆjnDˆcm + yeHˆidLˆjeEˆce
+yµHˆidLˆ
j
µEˆ
c
µ + y
τ HˆidLˆ
j
τ Eˆ
c
τ − µeLˆieHˆju − µ0HˆidHˆju
+λ122Lˆ
i
eLˆ
j
µEˆ
c
µ + λ133Lˆ
i
eLˆ
j
τ Eˆ
c
τ + λ
′
1nmLˆ
i
eQˆ
j
nDˆ
c
m
]
. (1)
Here the lepton flavor indices are explicitly written for
each individual flavor. We have considered baryon num-
ber parity so that λ′′ijkU
c
iD
c
jD
c
k is not allowed. The pres-
ence of U(1)Lµ−Lτ symmetry makes the Yukawa matrix
for the lepton sector flavor diagonal. The gauge symme-
tries alone dictate the pattern or nonzero elements of the
couplings for lepton-number-violating terms as follows:
λ212, λ122, λ313 and λ133 6= 0 (2)
λ
′
1jk 6= 0 ∀ j&k (3)
µe 6= 0. (4)
3The above superpotential has an accidental global
symmetry: U(1)Lµ+Lτ . The soft SUSY-breaking terms
for this model are as follows:
−Lminsoft =
1
2
(
M3(ig˜)(ig˜) +M2(iW˜ )(iW˜ ) +M1(iB˜)(iB˜) +M0(iB˜′)(iB˜′) + h.c
)
−M10(iB˜)(iB˜′)
+
(
AijuHuQ˜jU˜i −Aijd HdQ˜jD˜i −AeHdL˜eE˜e −AµHdL˜µE˜µ −AτHdL˜τ E˜τ
−Aeijλ′ L˜eQ˜iD˜j −Aλ122L˜eL˜µE˜µ −Aλ133L˜eL˜τ E˜τ + h.c
)
+M2
Q˜
Q˜†Q˜+M2
U˜
U˜ c†U˜ c
+M2
D˜
D˜c†D˜c +
∑
a=e,µ,τ
(
M2
L˜a
L˜†aL˜a +M
2
E˜a
E˜c†a E˜
c
a
)
+M2HdH
†
dHd +M
2
HuH
†
uHu
+(M2e˜LdH
†
dL˜e +H.c.)−
(
B0HdHu +BeL˜eHu +H.c.
)
. (5)
One can explicitly check that even after the addition
of the above soft SUSY-breaking terms, the model still
has the U(1)Lµ+Lτ symmetry.
Without going into the details of the calculations, we
can make some comments based on symmetries. The
electroweak symmetry is spontaneously broken by the
vacuum expectation values (VEVs) of the two Higgs fields
Hu and Hd. In addition, if the sneutrino fields ν˜µ and
ν˜τ acquire nonzero VEVs then both the U(1)Lµ−Lτ and
U(1)Lµ+Lτ are broken down spontaneously to nothing.
Thus we have two massless Goldstone bosons, one of
which makes the U(1)Lµ−Lτ gauge boson massive and the
other one, the Majoron, exists in the spectrum of parti-
cles. This Majoron is a CP−odd particle and the physi-
cal spectrum also has a very light CP−even scalar part-
ner to the CP−odd massless Majoron[39]. Hence, such
a scenario is excluded as the Z−boson decay into the
Majoron and its CP−even scalar partner has not been
observed experimentally. We must study the scalar sec-
tor in some detail to see this explicitly.
A. Scalar sector
As the U(1)Le symmetry is explicitly broken, we can-
not distinguish between Lˆe and Hˆd superfields because
all of their quantum numbers are the same. In principle
the scalar components of both Lˆe and Hˆd get nonzero
VEVs. We use the above freedom of indistinguishability
to choose a basis where only one of them gets a nonzero
VEV. In our subsequent discussion we shall work in a ba-
sis where the VEV of the electron sneutrino ν˜e is rotated
away.
The total scalar potential is given by
Vscalar = VF + VD + Vsoft. (6)
where VF is calculated from Eq. 1 using
VF =
∑
i
∣∣∣∣∂W∂Φi
∣∣∣∣2 (7)
and
VD =
1
2
DaDa +
1
2
D2Y +
1
2
D2X (8)
where Da =
√
2gaφ
∗T aφ and Vsoft is the scalar part of
Eq. 5. In the supersymmetric gauged U(1)Lµ−Lτmodel
the gauge kinetic term mixing affects the gauge fields,
the gauginos, and the auxiliary fields DY and DX , where
X = Lµ − Lτ . The auxiliary fields can be written, using
their equations of motion, as[40]
DY = −
∑
i
g′
Y i
2
|φi|2,
DX = −
∑
i
(
gm
Y i
2
+ gX
QiX
2
)
|φi|2, (9)
where Y i and QiX are the charges of the scalar fields
φi corresponding to U(1)Y and U(1)Lµ−Lτ gauge sym-
metry, respectively. The gauge coupling associated with
U(1)Lµ−Lτ is gX , while gm is the coupling generated via
kinetic mixing.
The contributions of the neutral scalar fields to the
scalar potential is as follows:
4Vneut =
(
m2Hu + |µ|2 + |µe|2
) |h0u|2 + (m2Hd + |µ|2) |h0d|2 + ∑
a=e,µ,τ
(
M2
L˜a
+ |µe|2δe,a
)
|ν˜a|2
+
(
µ∗µeh0∗d ν˜e −Bh0uh0d −Beν˜eh0u +M2e˜Ldh0∗d ν˜e +H.c.
)
+
1
8
(
g21 + g
2
2
)(|h0u|2 − |h0d|2 − ∑
a=e,µ,τ
|ν˜a|2
)2
+
1
8
(
gm
(
|h0u|2 − |h0d|2 −
∑
a=e,µ,τ
|ν˜a|2
)
− gx
(|ν˜τ |2 − |ν˜µ|2))2 . (10)
We assume that only the neutral scalar fields Hu,
Hd, ν˜µ and ν˜τ acquire nonzero VEVs while minimiz-
ing the scalar potential and the VEVs are defined as
〈h0u〉 ≡ vu/
√
2, 〈h0d〉 ≡ vd/
√
2, 〈ν˜µ〉 ≡ vµ/
√
2 and
〈ν˜τ 〉 ≡ vτ/
√
2. The minimization equations are
Bvd +
1
8
gxgm(|vτ |2 − |vµ|2)v∗u −
1
8
(g2 + g′2 + g2m)(|vu|2 − |v0|2)v∗u − (M2Hu + |µ0|2)v∗u = 0 (11)
Bvu − 1
8
gxgm(|vτ |2 − |vµ|2)v∗d +
1
8
(g2 + g′2 + g2m)(|vu|2 − |v0|2)v∗d − (M2Hd + |µ|2)v∗d = 0 (12)
v∗µ
[
M2
L˜µ
− g
2
x
8
(|vτ |2 − |vµ|2) + 1
8
gxgm(|vu|2 − |vd|2 − 2|vµ|2)− 1
8
(g2 + g′2 + g2m)(|vu|2 − |v0|2)
]
= 0 (13)
v∗τ
[
M2
L˜τ
+
g2x
8
(|vτ |2 − |vµ|2)− 1
8
gxgm(|vu|2 − |vd|2 − 2|vτ |2)− 1
8
(g2 + g′2 + g2m)(|vu|2 − |v0|2)
]
= 0 (14)[
M2e˜Ld + µ
∗µe
]
v∗d = Bevu (15)
where |v0|2 ≡ |vd|2 + |vµ|2 + |vτ |2 and |µ0|2 ≡ |µ|2 + |µe|2.
The vacuum expectation values are such that
v ≡ (|vu|2 + |v0|2)1/2 = 2mW
g
(16)
B. Case of both vµ and vτ 6= 0
If we demand that both vµ and vτ are nonzero, then
we have two corresponding massless Goldstone bosons in
the spectrum. There is always a Goldstone boson aris-
ing because of nonzero VEVs of the Higgs fields Hu and
Hd. Two of these three Goldstone bosons can be eaten
up by the neutral gauge bosons Z and Z ′. The remain-
ing massless CP−odd Majoron is a physical particle and
hence experimentally ruled out from the nonobservation
of such particles in the decay of the Z boson. We can
understand this even better if we calculate the CP−even
and CP−odd neutral scalar mass-squared matrices for
these scenarios.
C. Scalar mass matrices
We can calculate the CP−even and CP−odd neu-
tral scalar mass-squared matrices from the CP−even and
CP−odd neutral scalar potential, using
M2ij =
∂2V
∂φi∂φj
∣∣∣∣
min
. (17)
The CP−even scalar mass matrix in the basis
(hu, hd, ν˜e, ν˜µ, ν˜τ ), is given by
5M2even =
Bvd/vu +
1
4 g˜
2v2u −B − 14 g˜2vuvd −Be − 14 (g˜2 − gmgx)vuvµ − 14 (g˜2 + gmgx)vuvτ−B − 14 g˜2vuvd m˜2h0dh0∗d +
1
4 g˜
2v2d m˜
2
de + µµe
1
4 (g˜
2 − gmgx)vdvµ 14 (g˜2 + gmgx)vdvτ
−Be m˜2de + µµe m˜2ν˜eν˜∗e 0 0
− 14 (g˜2 − gmgx)vuvµ 14 (g˜2 − gmgx)vdvµ 0 m˜2ν˜µν˜∗µ + 14g′′−
2
v2µ
1
4 (g˜
2 − g2x)vµvτ
− 14 (g˜2 + gmgx)vuvτ 14 (g˜2 + gmgx)vdvτ 0 14 (g˜2 − g2x)vµvτ m˜2ν˜τ ν˜∗τ + 14g′′+
2
v2τ

(18)
Here g˜2 = (g2 + g′2 + g2m) and g
′′
∓
2
= g˜2 ∓ 2gmgx + g2x,
m˜2h0dh0∗d
= m2Hd + µ
2 − 1
8
g˜2(v2u − v2d − v2µ − v2τ )
+
1
8
gmgx(v
2
τ − v2µ), (19)
m˜2ν˜eν˜∗e = M
2
L˜e
+ µ2e −
1
8
g˜2(v2u − v2d − v2µ − v2τ )
+
1
8
gmgX(v
2
τ − v2µ), (20)
m˜2ν˜µν˜∗µ = M
2
L˜µ
− 1
8
g˜2(v2u − v2d − v2µ − v2τ )
+
1
8
gmgx(v
2
u − v2d − 2v2µ)
−1
8
g2x(v
2
τ − v2µ), (21)
m˜2ν˜τ ν˜∗τ = M
2
L˜τ
− 1
8
g˜2(v2u − v2d − v2µ − v2τ )
−1
8
gmgx(v
2
u − v2d − 2v2τ )
+
1
8
g2x(v
2
τ − v2µ). (22)
The CP−odd scalar mass matrix in the basis
(hu, hd, ν˜e, ν˜µ, ν˜τ ) is given by
M2odd =
Bvd/vu B Be 0 0
B m˜2
h0dh
0∗
d
m˜2de + µµe 0 0
Be m˜
2
de + µµe m˜
2
ν˜eν˜∗e
0 0
0 0 0 m˜2ν˜µν˜∗µ 0
0 0 0 0 m˜2ν˜τ ν˜∗τ

(23)
When both vµ and vτ are nonzero, Eqs.(13) and (14)
give us
m˜2ν˜µν˜∗µ = 0 = m˜
2
ν˜τ ν˜∗τ
(24)
This gives two massless Goldstone bosons from the
CP−odd mass matrix as discussed earlier. In addition,
the diagonalization of the upper 3 × 3 block gives an-
other massless Goldstone boson which is absorbed by the
Z−boson.
Let us now consider the CP−even scalar squared
masses by calculating the eigenvalues of the matrix in
Eq.(18). It is straightforward to check that the eigenvec-
tor
ρ =
1
K

2vuvµvτ
2vdvµvτ
0
vτ (v
2
u − v2d)
vµ(v
2
u − v2d)
 ,
K =
√
v2µ(v
2
u − v2d)2 + v2τ (v2u − v2d)2 + 4v2µv2τ (v2u + v2d)
(25)
corresponds to a zero eigenvalue of M2even. This means
that at the tree level there exists a massless CP−even
scalar, ρ. However, ρ gains a small mass O(
√
v2µ + v
2
τ )
when radiative corrections are incorporated since it is not
a Goldstone boson. The nonobservation of the Z−boson
decay Z → Majoron + ρ in experiments rules out the
minimal model described above.
D. Case of either vµ 6= 0 or vτ 6= 0
On the other hand, the problem related to the mass-
less Majoron discussed above can be ameliorated if only
one of the two sneutrinos (namely, ν˜µ and ν˜τ ) acquires a
VEV. In this case we have two possibilities:
TypeA : vµ 6= 0, vτ = 0;
U(1)Lµ−Lτ × U(1)Lµ+Lτ −→ U(1)Lτ
(26)
TypeB : vµ = 0, vτ 6= 0;
U(1)Lµ−Lτ × U(1)Lµ+Lτ −→ U(1)Lµ
(27)
In both of these cases there is no massless Majoron in
the physical spectrum and either of these two scenarios
are equally viable.
For ν˜κ (κ = µ or τ) the minimization equation (assum-
6ing all parameters are real) is,
vκ
[
M2
L˜κ
+
g2x
8
v2κ +
1
8
Qκgxgm(v
2
u − v2d − 2v2κ)
−1
8
(g2 + g′2 + g2m)(v
2
u − v20)
]
= 0
(28)
where Qκ are the U(1)Lµ−Lτ charges corresponding to ν˜µ
and ν˜τ .
From Eq. 28 we get (for vκ 6= 0)
m˜2ν˜κν˜∗κ = M
2
L˜κ
+
1
8
(
g21 + g
2
2 + g
2
m
) (
v2κ − v2u + v2d
)
+
1
4
g2xv
2
κ +
1
4
Qκgmgx
(
v2u − v2d − 2v2κ
)
= 0. (29)
In the pseudoscalar mass matrix, all of the off-diagonal
entries of the column and row corresponding to the field
ν˜κ are zero and the diagonal entry is nothing but m˜
2
ν˜κν˜∗κ
[see, Eq.23]. Thus if we demand vκ 6= 0, which in turn im-
plies that the condition 29 must be true, then there exists
a corresponding massless pseudoscalar state as discussed
in Sec. II C. This massless pseudoscalar is eaten up by
the neutral gauge field corresponding to U(1)Lµ−Lτ gauge
symmetry. In addition, there is a Goldstone boson that
gives mass to the Z−boson. Thus, there is no massless
Majoron present in the physical spectrum of this model.
E. Failure of the minimal model
We have seen in the previous section that the models
of Type A [Eq.(26)] and Type B [Eq.(27)] have residual
global symmetries U(1)Lµ and U(1)Lτ , respectively. Be-
cause of the presence of such global symmetries in each
type of model after the electroweak symmetry breaking,
textures of the Majorana neutrino mass matrix [in the
basis (νe, νµ, ντ )] and the charged lepton mass matrix
[in the basis (e, µ, τ)] should have, in general, the follow-
ing forms:
TypeA : mν =
 X X 0X X 0
0 0 0
 , m` =
 X X 0X X 0
0 0 X
 ,
(30)
TypeB : mν =
 X 0 X0 0 0
X 0 X
 , m` =
 X 0 X0 X 0
X 0 X
 ,
(31)
where X means nonzero entries. Note that neutrino
mass matrix has one less nonzero entry compared to
the charged lepton mass matrix because of the Majo-
rana nature of the neutrinos. With the above textures
of these mass matrices, the resulting Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix will not be able to
reproduce the correct pattern of neutrino mixing as ob-
served in different neutrino experiments. Thus, these two
models with minimal field content are ruled out in the
light of neutrino experimental data.
III. THE NONMINIMAL MODEL
We have seen that the minimal model is not phe-
nomenologically attractive. The source of this problem
was essentially the fact that there is either an acciden-
tal U(1)Lµ+Lτ which is broken along with U(1)Lµ−Lτ ,
or that there is a residual U(1)Lµ/U(1)Lτ that spoils
the neutrino mass matrix texture. The solution is to
have extra fields, η and η¯, that are charged only un-
der U(1)Lµ−Lτ and couple to µ/τ , to make sure that
U(1)Lµ+Lτ , U(1)Lµ and U(1)Lτ are not symmetries of
the theory. An additional benefit is the fact that now
we have fields that are singlet under all SM gauged sym-
metries that can acquire vacuum expectation values to
spontaneously break U(1)Lµ−Lτ , i.e. 〈η〉 = vη/
√
2 and
〈η¯〉 = vη¯/
√
2. While there is no problem even if the
sneutrinos do acquire VEV, we consider the situation
where they do not, that is to say 〈ν˜µ〉 = 〈ν˜τ 〉 = 0.
This has more to do with simplifying the calculation
than with any technical glitches, although one could ar-
gue that this minimizes tree-level Z/Z ′ mixing and dis-
sociates U(1)Lµ−Lτbreaking from electroweak symmetry
breaking. To this end we also take gm = 0 in subsequent
calculations. This ensures that there is no mixing be-
tween Z and Z ′ at tree level and the mass of the new
gauge boson is given simply by
M2Z′ =
g2X
4
(v2η + v
2
η¯). (32)
The field content and U(1)Lµ−Lτ charges of the non-
minimal model are shown in Table II.
Superfields Qˆi Uˆ
c
i Dˆ
c
i Lˆe Eˆ
c
e Lˆµ Eˆ
c
µ Lˆτ Eˆ
c
τ Hˆu Hˆd ηˆ ˆ¯η
U(1)Lµ−Lτ 0 0 0 0 0 1 -1 -1 1 0 0 -1 1
TABLE II: U(1)Lµ−Lτ charge assignments to the chiral su-
perfields of the nonminimal model
The superpotential for the above choice of charges is
W = Wmin + ij
[
− yηLˆiµHˆjuηˆ − yη¯Lˆiτ Hˆju ˆ¯η
]
+ µη ηˆ ˆ¯η.
(33)
Here too we have considered baryon number parity as
in the minimal model. The bilinear R-parity-violating
parameter for the first generation (i.e., µ1) in the non-
minimal model, is the same as the parameter µe in the
minimal model.
7A. Free from gauge anomalies
Let us now discuss the conditions of anomaly
cancellation[41] in this model.
1. It is not required to examine the anomaly condition
involving all possible combinations of SU(3), SU(2)
and U(1)Y because the MSSM is anomaly free.
2. The anomaly cancellation condition for
{SU(3), SU(3)} U(1)Lµ−Lτ is satisfied as none of
the colored particles are charged under U(1)Lµ−Lτ .
3. The SU(2) fields which are charged under
U(1)Lµ−Lτ are Lµ and Lτ . As they have opposite
charges the {SU(2), SU(2)} U(1)Lµ−Lτ anomaly
cancellation condition is also satisfied.
4. Similarly the {U(1)Y , U(1)Y } U(1)Lµ−Lτ anomaly
cancellation condition is also satisfied because the
U(1)Lµ−Lτ charges of Lµ and E
c
µ are opposite to Lτ
and Ecτ respectively.
5. One can check that the { U(1)Lµ−Lτ ,
U(1)Lµ−Lτ }U(1)Y condition is also satisfied:
2× 12 × (−1
2
)︸ ︷︷ ︸
Lµ
+ 2× (−1)2 × (−1
2
)︸ ︷︷ ︸
Lτ
+ (−1)2 × 1︸ ︷︷ ︸
Ecµ
+ 12 × 1︸ ︷︷ ︸
Ecτ
= 0. (34)
6. The cubic anomaly for U(1)Lµ−Lτ is satisfied:
2× 13︸ ︷︷ ︸
Lµ
+ 2× (−1)3︸ ︷︷ ︸
Lτ
+ (−1)3︸ ︷︷ ︸
Ecµ
+ 13︸︷︷︸
Ecτ
= 0. (35)
7. And finally, the mixed anomaly with gravity is also
satisfied, as the trace of the charges of fields for this
new gauge group vanishes.
Thus, all the gauge anomalies are canceled out. The
gauge anomalies pertaining to the two extra superfields
η and η¯ cancel out among themselves as they are singlets
under all SM gauge symmetries and oppositely charged
under the U(1)Lµ−Lτ symmetry.
B. Vacua and scalar masses
We must consider the entire scalar potential of the
model and minimize it to obtain the vacuum expecta-
tion values of the various fields. Just as in the case of the
minimal model, the total scalar potential is
V = VF + VD + Vsoft, (36)
where VF is calculated from Eq. 33 and Vsoft comes from
the soft SUSY-breaking terms in the Lagrangian,
−Lsoft = −Lminsoft −
(
AηηL˜µHu +Aη¯ η¯L˜τHu + h.c
)
+M2ηη
†η +M2η¯ η¯
†η¯ + (Bηηη¯ +H.c.) . (37)
VD is calculated in exactly the same way as for the
minimal model [see Eq. 9], including contributions from
two new scalar fields η and η¯.
The neutral scalar potential,
Vneut =
(
m2Hu + |µ|2 + |µ1|2
) |h0u|2 + (m2Hd + |µ|2) |h0d|2 + ∑
a=e,µ,τ
(
M2
L˜a
+ |µ1|2δe,a
)
|ν˜a|2
+
(
M2η + µ
2
η
) |η|2 + (M2η¯ + µ2η) |η¯|2 + (12y2η|ν˜µ|2|h0u|2 + 12y2η|ν˜τ |2|h0u|2
+
1
2
y2η|η|2|ν˜µ|2 +
1
2
y2η|η|2|h0u|2 +
1
2
y2η¯|η¯|2|ν˜τ |2 +
1
2
y2η¯|η¯|2|h0u|2 + yη¯yηη∗η¯ν˜∗µν˜τ +H.c.
)
−
(
− yηµη∗ν˜∗µh0d − yηµ1η∗ν˜∗µν˜e − yη¯µη¯∗ν˜∗τh0d − µ1yη¯ η¯∗ν˜∗τ ν˜e + yηµηh0∗u ν˜∗µη¯ + yη¯µηh0∗u ν˜∗τ η
+Aηην˜µh
0
u +Aη¯ η¯ν˜τh
0
u − µµ1h0∗d ν˜e +Bh0uh0d +Beν˜eh0u −M2e˜Ldh0∗d ν˜e −Bηηη¯ +H.c.
)
+
1
8
(
g21 + g
2
2
)(|h0u|2 − |h0d|2 − |ν˜e|2 − |ν˜µ|2 − |ν˜τ |2)2
+
1
8
(
gm
(|h0u|2 − |h0d|2 − |ν˜e|2 − |ν˜µ|2 − |ν˜τ |2)− gX(|η|2 − |η¯|2 + |ν˜τ |2 − |ν˜µ|2))2,
(38)
8is used to calculate the scalar and pseudoscalar mass-
squared matrices. By replacing the fields by (φR +
iφI)/
√
2 to separate out the CP−even and -odd parts
of the potential, we obtain
Veven =
1
2
(M2Hu + µ
2 + µ21)(h
0
uR)
2 +
1
2
(M2Hd + µ
2)(h0dR)
2 +
1
2
(M2
L˜e
+ µ21)ν˜
2
eR
+
1
2
(M2
L˜µ
+
1
2
y2η|ηR|2 +
1
2
y2η|h0uR|2)|ν˜µR|2 +
1
2
(M2
L˜τ
+
1
2
y2η¯|η¯R|2 +
1
2
y2η¯|h0uR|2)|ν˜τR|2
+
1
2
(M2η +
1
2
y2η|h0uR|2 + µ2η)|ηR|2 +
1
2
(M2η¯ +
1
2
y2η¯|h0uR|2 + µ2η)|η¯R|2
+
1
2
yηyη¯ η¯RηRν˜µRν˜τR +
1√
2
yηµ1ηRν˜µRν˜eR +
1√
2
yηµηRν˜µRh
0
dR +
1√
2
µ1yη¯ η¯Rν˜τRν˜eR
+
1√
2
µyη¯ η¯Rν˜τRh
0
dR −
1√
2
yηµηh
0
uRν˜µRη¯R − yη¯µηh0uRν˜τRηR −
1√
2
AηηRν˜µRh
0
uR
− 1√
2
Aη¯ η¯Rν˜τRh
0
uR + µµ1h
0
dRν˜eR −Bh0uRh0dR −Beν˜eRh0uR +BηηRη¯R
+
1
32
(g21 + g
2
2 + g
2
m)((h
0
uR)
2 − (h0dR)2 − ν˜2eR − ν˜2µR − ν˜2τR)2
+
1
32
g2x(η
2
R + ν˜
2
τR − η¯2R − ν˜2µR)2
− 1
16
gmgx((h
0
uR)
2 − (h0dR)2 − ν˜2eR − ν˜2µR − ν˜2τR)(η2R + ν˜2τR − η¯2R − ν˜2µR), (39)
Vodd = Vneut − Veven. (40)
We can calculate the CP−even and CP−odd neutral
scalar mass-squared matrices from Eqs.39 and 40 using
Eq.17.
C. Minimization of the potential
At the minima of the potential, all of the first deriva-
tives must vanish. The first derivatives thus give us a
set of equations that we can plug in while calculating
the second derivatives. The method is to first calculate
the second derivatives of Veven and Vodd then replace the
fields by their respective VEVs. At the same time, one
must also replace the soft masses from the equations of
minimization.
The minimization equations are
(µ2 + µ21 + µ
2
2 + µ
2
3 +M
2
Hu)vu +
(g21 + g
2
2 + g
2
m)
8
(v2u − v2d)vu −
gmgx
8
(v2η − v2η¯)vu −Bvd = 0
(µ2 +M2Hd)vd −
(g21 + g
2
2 + g
2
m)
8
(v2u − v2d)vd +
gmgx
8
(v2η − v2η¯)vd −Bvu = 0
(M2
L˜ed
+ µµ1)vd −Bevu = 0
(µµ2 − µηµ2tβ cot γ)vd −Aη vη√
2
vu = 0
(µµ3 − µηµ3tβtγ)vd −Aη¯ vη¯√
2
vu = 0
(µ2η + µ
2
2t
2
ξ +M
2
η )vη +
g2X
8
(v2η − v2η¯)vη −
gmgX
8
(v2u − v2d)vη +Bηvη¯ = 0
(µ2η + µ
2
3t
2
ξ +M
2
η¯ )vη¯ −
g2X
8
(v2η − v2η¯)vη¯ +
gmgX
8
(v2u − v2d)vη¯ +Bηvη = 0 (41)
9where,
µ2 =
yηvη√
2
=
√
2yηMZ′sγ
gX
, µ3 =
yη¯vη¯√
2
=
√
2yη¯MZ′sγ
gX
,
tan ξ =
vu
vη
=
gXMW sβ
g2MZ′sγ
, tan γ =
vη
vη¯
. (42)
We have used the notation where tγ and tξ means tan γ
and tan ξ, respectively, and cβ and sβ mean cosβ and
sinβ, respectively. Henceforth, this notation will be used
in all expressions. Note that the parameters µ2 and µ3
are effective bilinear R-parity-violating parameters cor-
responding to the second and third generations, respec-
tively [See Eq.33].
The scalar mass squared matrices are discussed further
in Appendix A. Full analytic expressions for the nonzero
eigenvalues of the scalar mass-squared matrices are too
complicated to write down under any approximations.
However, we have checked for a consistent parameter
space where there are no tachyonic modes in the spec-
tra. To get a consistent nontachyonic spectra, we were
required to restrict both µη and Bη in our formalism to
be negative. For almost the entire parameter space, the
lightest CP−even Higgs has a tree-level mass close to
MZ , and so at the one-loop level it is possible to get a
125 GeV Higgs.
IV. NEUTRALINO AND NEUTRINO MASSES
IN THE NONMINIMAL MODEL
The neutralino mass terms in the Lagrangian arise in
this model in the basis
ψ0 =
(
νe, νµ, ντ , iB˜′, iB˜, iW˜ , h˜0d, h˜0u, η˜, ˜¯η
)
(43)
as,
L = −1
2
ψ0TMNψ
0 +H.c. (44)
where
MN =
(
0 MD
MTD MR
)
(45)
and,
MD =
 0 0 0 0 −µ1 0 00 0 0 0 −µ2 −µ2tξ 0
0 0 0 0 −µ3 0 −µ3tξtγ
 , (46)
MR =

M0 0 0 0 0 −MZ′sγ MZ′cγ
0 M1 0 − g1g2MW cβ
g1
g2
MW sβ 0 0
0 0 M2 MW cβ −MW sβ 0 0
0 − g1g2MW cβ MW cβ 0 −µ 0 0
0 g1g2MW sβ −MW sβ −µ 0 0 0−MZ′sγ 0 0 0 0 0 µη
MZ′cγ 0 0 0 0 µη 0

. (47)
From this we can calculate the effective neutrino mass
matrix [42–45],
meffν = −MDM−1R MTD . (48)
Note that in this analysis we have taken both gm (the
gauge coupling arising from kinetic mixing) and M10 (the
term corresponding to the B˜B˜′ term in Lsoft) to be zero.
Although the nonminimal model does not necessarily re-
quire these to be vanishing, under this approximation not
only is the neutrino mass matrix much more manageable,
but there is also no Z − Z ′ mixing at the tree level.
Now we can write the effective neutrino mass matrix,
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meffν =
1
Λ

µ21 µ1µ2 µ1µ3
µ1µ2 µ
2
2
(
1− t2ξ
M2
Z′c
2
γ
M2W c
2
β
g22d1
Mgd2
)
µ2µ3
(
1− t2ξ M
2
Z′cγsγ+M0µη
M2W c
2
β
g22d1
Mgd2
)
µ1µ3 µ2µ3
(
1− t2ξ M
2
Z′cγsγ+M0µη
M2W c
2
β
g22d1
Mgd2
)
µ23
(
1− t2ξt2γ
M2
Z′s
2
γ
M2W c
2
β
g22d1
Mgd2
)

(49)
where,
d1 = 2µ(Mgvuvd − 2µM1M2) , d2 = 2µη(g2Xvηvη¯ + 2M0µη),
Mg = g
2
1M2 + g
2
2M1 , Λ =
g22d1
4MgM2W c
2
β
. (50)
This matrix would resemble that obtained from bilinear
R-parity violation if the second terms inside the brackets
of the lower (2×2) block were not there. That is, it would
be a rank-one matrix predicting two zero eigenvalues.
This would mean that we would be unable to explain
neutrino masses at the tree level.
In addition to this effective light Majorana neutrino
mass matrix that is generated by the seesaw effect, we
have contributions to neutrino mass at the one-loop level
arising from the R-parity-violating couplings through the
diagram in Fig.1.
The contribution of this diagram is given by[46](
m(1)ν
)
11
=
3∑
p=2
1
32pi2
λ1ppλ1ppmp sin 2φp ×[
− M
2
p1
m2p −M2p1
log
m2p
M2p1
+
M2p2
m2p −M2p2
log
m2p
M2p2
]
(51)
where we assume a left-right slepton mixing matrix of
the form
V =
(
cosφp sinφp
− sinφp cosφp
)
(52)
M2pi are the slepton mass eigenvalues, and mp are the lep-
ton mass eigenvalues. The index p denotes µ flavor when
νe νe
µ˜/τ˜
µ/τ
FIG. 1: Charged lepton-slepton loop that contributes to neu-
trino mass at one loop
it takes the value 2 and τ when it is 3 for both slep-
tons and leptons. A similar contribution from the quark-
squark loop through the λ′ couplings is also present in our
model along with those coming from the above lepton-
slepton loop. The dominant contribution in this type of
diagrams come from the bottom-sbottom pair. We can
ignore this contribution to the one-loop neutrino mass
compared to the above contribution if we assume that
the soft SUSY-breaking squark masses are higher than
a few TeV. For bounds on R-parity-violating couplings
see, for example, Ref.[47]. The one-loop corrected neu-
trino mass matrix is
mν = m
eff
ν +m
(1)
ν . (53)
This matrix may be diagonalized by a unitary matrix
U , such that
UmνU
T = Diag(m1,m2,m3) (54)
which is called the PMNS matrix. The most general
parametrization of the PMNS matrix,
11
(a) (b)
(c) (d)
FIG. 2: Variation of sin2 θ23 and sin
2 θ13 with deviation from yη = yη¯ and tan γ = 1 conditions on m
eff
ν with µη free. Red is
for normal hierarchy, while blue is for inverted hierarchy.
UPMNS =
 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
 (55)
contains three angles, θ13, θ12 and θ23 and the CP -
violating phase δCP .
A. Mass Models and Possible Mixing Patterns
Current neutrino data favors slightly non-maximal at-
mospheric mixing and a nonzero θ13 [4]. We find that, in
our model, the two very simple conditions
yη = yη¯
tan γ = 1 (56)
lead to a mass matrix of the form
M =
 a b bb c d
b d c
 (57)
which is the most general µ−τ exchange-symmetric neu-
trino mass matrix[48]. This matrix always predicts maxi-
mal atmospheric mixing and a zero Ue3. It is by violating
the conditions 56 that we obtain mass matrices that sat-
isfy neutrino oscillation data. We do not consider any
CP -violation in our model, so δCP = 0 for all subse-
quent calculations. Our modus operandi is to compare
12
-20 -10 0 10 20
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-10
0
10
20
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(b)
FIG. 3: Points satisfying neutrino mixing angles and mass-squared differences (red) and those satisfying the muon (g − 2)
constraint (blue) in the δtγ - δyη plane. Panel 3(a) is for normal hierarchy, while Panel 3(b) is for inverted hierarchy.
the mixing matrices obtained with the matrix 55 and use
sin2 θ13 = |Ue3|2
sin2 θ23 =
|Uµ3|2
1− |Ue3|2
sin2 θ12 =
|Ue2|2
1− |Ue3|2 (58)
to analyze how the mixing angles vary as we violate these
conditions. We quantify the deviation from the relations
(56) by introducing two new parameters δyη and δtγ ,
δtγ = (1− tγ)× 100
δyη =
yη − yη¯
yη
× 100. (59)
These parameters are just the percentage deviation from
the conditions in Eq. 56. In Fig. 2 we plot the varia-
tion of the mixing angles with the deviation in the con-
ditions on the Yukawa couplings, yη and yη¯ [see Figs.
2(a) and 2(b)] and tan γ [see Figs. 2(c) and 2(d)]. It
is apparent from this figure that a variation in either of
the two parameters simultaneously shifts the mixing pat-
tern towards nonmaximal atmospheric mixing and a real,
nonzero Ue3.
B. Numerical analysis
We have used MATHEMATICA 11.1 for all of our nu-
merical analyses. For normal (NH) and inverted (IH)
neutrino mass hierarchies, we found a large concentra-
tion of allowed parameter points in the regions listed in
Table III.
Here ML˜ stands for all of the slepton soft SUSY-
breaking masses. The scanned range of MZ′ and
gX is motivated by the restrictions coming from neu-
trino trident production[49, 50], the LHC data from
the Z → 4µ channel[51, 52], the observation of elastic
TABLE III: Parameter regions where large concentration of
allowed points were obtained for Normal and Inverted hierar-
chy of neutrinos.
NH IH
ML˜ 0.8 to 1 TeV 0.55 to 0.75 TeV
M1 400 to 800 GeV 300 to 500GeV
M2 400 to 800 GeV 1 to 1.2 TeV
µ 200 to 300 GeV 150 to 250 GeV
M0 50 to 100 GeV 0 to 20 GeV
−µη 1 to 1.5 TeV 2 to 4 TeV
MZ′ 700 to 800 GeV 1.2 to 1.5 TeV
gX 0.4 to 0.6 0.3 to 0.4
tanβ 25 to 35 30 to 40
yη,yη¯ 10
−6 to 2× 10−6 3× 10−6 to 4× 10−6
µ1 7× 10−3 to 10−2 GeV 2× 10−3 to 10−2 GeV
λ122,λ133 10
−4 to 5× 10−4 10−4 to 2× 10−4
neutrino-nucleon scattering (CEνNS) by the COHER-
ENT Collaboration[53–55] and the observation of elastic
scattering of solar neutrinos off electrons by the Borexino
Collaboration [20, 56]. Apart from this the most strin-
gent bounds on sparticle masses [57, 58] were also applied
along with the kinematic bounds from the combined LEP
data [4].
Our neutrino data consists mostly of points where the
lightest neutralino is at most 6 GeV lighter than the light-
est chargino and hence evades much of the constrained
parameter space.
Both of the conditions in Eq.(56) were allowed to be
violated up to 20% and we plot the points allowed by
experimental data in the δtγ-δyη plane in Fig. 3. The
points satisfying neutrino oscillation data are plotted in
red while the blue background represents regions where
muon (g − 2) is satisfied. The most stringent constraint
from lepton-flavor-violating lj → liγ processes in this
model comes from µ → eγ branching ratio measure-
ments. This branching ratio never exceeds its experi-
mental upper bound for our model in the regions where
13
neutrino data may be satisfied1. Note that a negative de-
viation in tan γ, that is, a value of tγ greater than unity, is
preferred in both NH and IH from (g−2)µ in these cases.
However, this analysis is not exhaustive and there may
be other regions where neutrino oscillation data may be
fitted. We have only studied two interesting representa-
tive regions where we found that both neutrino and muon
(g−2) data are satisfied simultaneously along with all of
the other aforementioned experimental bounds.
V. ANOMALOUS MAGNETIC MOMENT
The magnetic moment of the muon is one of the most
accurately measured physical quantities today with the
final value [4]
aexpµ = (116592089± 63)× 10−11, (60)
which however does not agree with the theoretically pre-
dicted value from the Standard Model. The discrepancy,
∆aµ = a
exp
µ − aSMµ = (28.8± 8.0)× 10−10, (61)
is a ∼3.6σ deviation from the SM value. Given the accu-
racy of the (g−2) measurement and the evaluation of its
Standard Model prediction, it is an ideal testing ground
for any new physics model, like SUSY. Supersymmetry,
even in the MSSM has been shown to provide sizable con-
tributions to (g − 2) that are large enough to explain its
discrepancy from the SM prediction. The muon (g − 2)
data is also ideal to constrain certain parameters of the
model, such as the sign of the “µ term” and the mass scale
of the scalar and fermionic superpartners in the case of
the MSSM.
There are two main components of the MSSM con-
tribution to the muon (g − 2): one is from the smuon-
neutralino loop and the other is from the chargino-
sneutrino loop. When the mass scales of the superpart-
ners are roughly of the order of MSUSY , this contribution
is given by [59–61]
∆aMSSMµ = 14 Sign(µ) tanβ
(
100 GeV
MSUSY
)2
10−10. (62)
Our model, which has a Z ′ boson coupling to the muon,
can complement the SUSY contribution. This allows us
to have a natural solution to the hierarchy problem and
get a stable Higgs mass, while still explaining the anoma-
lous magnetic moment of the muon. Note that the contri-
butions of W and Z bosons to the muon (g−2) anomaly
in our model are subdominant compared to the contri-
butions mentioned above.
1 A detailed analysis of the muon anomalous magnetic moment
and lepton-flavor-violating lj → liγ processes in our model is
presented later.
A. Outline of the calculation
In our model, we have non-trivial mixing between the
smuons and other charged scalars, as well as between the
muons and other charged fermions. Otherwise the cal-
culation is relatively straightforward and mimics that for
the MSSM. Instead of the neutralino-smuon loop we con-
sider the more general neutralino-charged scalar loops to
allow for the mixing between smuons and other scalars.
Similarly the chargino-sneutrino loop for the MSSM is
expanded into a chargino-neutral scalar loop calculation.
We allow the sign of the neutralino mass eigenvalues (i)
and the chargino mass eigenvalues (ηi) to be either pos-
itive or negative. The diagonalizing matrices are suit-
ably defined following the prescription in Appendix A of
Ref.[62].
1. Neutralino-charged scalar loop
µ−
µ−
γ
S˜−j
S˜−j
χ˜0i
FIG. 4: Neutralino-charged scalar loop that contributes to
muon (g − 2)
For this calculation we require the neutralino mass ma-
trix and the charged scalar mass matrix. In the basis
(νe, νµ, ντ , iB˜′, iB˜, iW˜ , h˜0d, h˜0u, η˜, ˜¯η), we can write the neu-
tralino mass terms as
L = −1
2
ψ0TMNψ
0 +H.c. (63)
which is diagonalized by the matrix N ,
N∗MNN† = mχ˜0 . (64)
The charged scalar mass matrix (M2
S˜±
) is written in the
basis (h+∗u , h
−
d , e˜L, µ˜L, τ˜L, e˜R, µ˜R, τ˜R) and diagonalized so
that,
US˜±M
2
S˜±U
†
S˜±
= m2
S˜± (65)
which includes a Goldstone mode. More about the
charged scalar mass-squared matrix is discussed in Ap-
pendix A 3.
Using these mixing matrices, the neutralino-charged
scalar loop (See Fig. 4) contribution to the muon (g− 2)
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is[59–61],
aχ
0
µ = −
mµ
16pi2
10∑
i=1
7∑
j=1
[(|nLij |2 + |nRij |2) mµ12m2
S˜± j
FN1 (xij)
+
mχ˜0 i
3m2
S˜± j
Real
(
nLijn
R
ij
)
FN2 (xij)
]
(66)
where,
FN1 (x) =
2(1− 6x+ 3x2 + 2x3 − 6x2 log x)
(1− x)4
FN2 (x) =
3(1− x2 + 2x log x)
(1− x)3 (67)
with
xij =
mχ˜0
2
i
m2
S˜± j
and
nLij =
(
gX√
2
N∗i4 −
√
2g1N
∗
i5 −
√
2gmN
∗
i4
)
U∗
S˜± j7
− (yµN∗i7 + λ122N∗i1)U∗S˜± j4
+λ122N
∗
i2U
∗
S˜± j3
+ yµN
∗
i2U
∗
S˜± j2
(68)
nRij =
(
g1√
2
N∗i5 +
g2√
2
N∗i6 +
gm√
2
N∗i4 −
gX√
2
N∗i4
)
U∗
S˜± j4
− (yµN∗i7 + λ122N∗i1)U∗S˜± j7 − yηN∗i9U∗S˜± j1. (69)
In our case the external muons also mix with other
charged fermions in the chargino mass matrix hence the
expressions for the couplings (nL and nR) will include
appropriate elements from the chargino mixing matrices
(V44 and U
∗
44 respectively). The most general formulas
are given here, where gm is also nonzero. We take this to
be zero in our numerical analysis.
2. Chargino-neutral scalar loop
µ−
µ−
γ
χ˜−
χ˜−
S˜0
FIG. 5: Chargino-neutral scalar loop that contributes to
muon (g − 2)
In this part of the calculation we require the chargino
mass matrix and the neutral scalar and pseudoscalar
mass-squared matrices. Defining
ψ− = (iW˜−, h˜−d , e
−
L , µ
−
L , τ
−
L )
ψ+ = (iW˜+, h˜+u , e
+
R, µ
+
R, τ
+
R )
the chargino mass terms in the Lagrangian may be writ-
ten as
L ⊃ −1
2
(ψ−TXψ+ + ψ+TXTψ−) + h.c. (70)
where X is the chargino mass matrix. It can be diago-
nalized by two matrices U and V so that,
U∗XV † = mχ˜± . (71)
The chargino mass matrix is given and discussed in Ap-
pendix B. The neutral scalar mass-squared matrix M2
S˜0
,
given in Appendix A 1, is written in the basis
(ν˜eR, ν˜µR, ν˜τR, h
0
dR, h
0
uR, ηR, η¯R) and is diagonalized so
that
U†
S˜0
M2
S˜0
US˜0 = m
2
S˜0
. (72)
Similarly, the pseudoscalar mass-squared matrix
M2
P˜ 0
from Appendix A 2 is written in the basis
(ν˜eI , ν˜µI , ν˜τI , h
0
dI , h
0
uI , ηI , η¯I) and is diagonalized so that
U†
P˜ 0
M2
P˜ 0
UP˜ 0 = m
2
P˜ 0
. (73)
Using these mixing matrices, we calculate the contribu-
tion of the chargino-neutral scalar loop (See Fig. 5) to
the muon (g − 2)[59–61]
aχ˜
±
µ =
mµ
16pi2
5∑
i=1
7∑
j=1
[
mµ
12m2
S˜0j
(|cLeij |2 + |cReij |2)FC1 (yeij)
+
2mχ˜±i
3m2
S˜0j
Real
(
cLeij c
Re
ij
)
FC2 (y
e
ij)
]
+
mµ
16pi2
5∑
i=1
5∑
j=1
[
mµ
12m2
P˜ 0j
(|cLoij |2 + |cRoij |2)FC1 (yoij)
+
2mχ˜±i
3m2
P˜ 0j
Real
(
cLoij c
Ro
ij
)
FC2 (y
o
ij)
]
(74)
where
FC1 (x) =
2(2 + 3x− 6x2 + x3 + 6x log x)
(1− x)4
FC2 (x) = −
3(3− 4x+ x2 + 2 log x)
2(1− x)3 (75)
with
yeij =
m2
χ˜±i
m2
S˜0j
, yoij =
m2
χ˜±i
m2
P˜ 0j
15
and
cLeij =
yµ√
2
Ui2U
∗
S˜0j2
− λ122√
2
Ui4U
∗
S˜0j1
+
λ122√
2
Ui3U
∗
S˜0j2
cReij = −
g2√
2
Vi1U
∗
S˜0j2
− yη√
2
Vi2U
∗
S˜0j6
− λ122√
2
Vi4U
∗
S˜0j1
cLoij = i
yµ√
2
Ui2U
∗
P˜ 0j2
− iλ122√
2
Ui4U
∗
P˜ 0j1
+ i
λ122√
2
Ui3U
∗
P˜ 0j2
cRoij = −i
g2√
2
Vi1U
∗
P˜ 0j2
+ i
yη√
2
Vi2U
∗
P˜ 0j6
+ i
λ122√
2
Vi4U
∗
P˜ 0j1
.
(76)
Just as in the case of the neutralino-charged scalar
loop, here too the external muons will mix with the other
charged fermions and result in factors of V44 and U
∗
44 in
cL and cR, respectively.
3. Z′ contribution
µ−
µ−
γ
µ−
µ−
Z ′
FIG. 6: Z′ loop that contributes to muon (g − 2)
In addition to the purely supersymmetric contribution
to ∆aµ, the Z
′ boson also adds an important part to
the total muon magnetic moment. The contribution of
U(1)Lµ−Lτ to the muon (g − 2) can be easily evaluated
from the diagram in Fig. 6. It is given by[8–10]
∆aZ
′
µ =
g2Xm
2
µ
4pi2
∫ 1
0
dz
z2(1− z)
m2µz +M
2
Z′(1− z)
. (77)
Here too, the external muons and those inside the loop
will mix with other leptons and charginos as in the previ-
ous sections. This calculation assumes no Z −Z ′ mixing
at the tree level owing to the fact that gm is zero and the
sneutrinos do not acquire any VEVs.
B. Numerical analysis
Any gauged U(1)Lµ−Lτmodel is severely constrained
by neutrino trident production, that is, the production
of a µ+µ− pair from the scattering of a muon neutrino off
heavy nuclei. The CHARM-II[49] and CCFR[50] collabo-
rations found reasonable agreement between the observed
cross section for this process and its SM prediction:
σCHARM-II
σSM
= 1.58± 0.57, σCCFR
σSM
= 0.82± 0.28. (78)
Thus, it severely constrains the allowed parameter space
for any new neutral gauge boson. In particular, when
coupled with the restrictions from the LHC data from
the Z → 4µ channel[51, 52], the observation of CEνNS
by the COHERENT Collaboration[53–55], and the ob-
servation of elastic scattering of solar neutrinos by the
Borexino Collaboration[20, 56], almost the entire param-
eter space relevant to muon (g−2) is ruled out. However,
the situation for the SUSY version is not so bleak when it
comes to resolving muon (g − 2) through an extra force.
In our model, the total contribution to muon (g − 2)
from the two supersymmetric processes when added to
that from the Z ′ loop allows for a much more liberal
parameter space.
We plot the region allowed by current (g − 2)µ data
in the MZ′ -gX plane for two different scenarios in fig.
7. The green region shows the allowed parameter space
in our model, while the red region shows the parameter
space for a gauged U(1)Lµ−Lτmodel where SUSY plays
no part. The dashed lines show the various exclusion
limits from the different experiments. The red dashed
line is for the Borexino experiment (elastic scattering
of solar neutrinos), while the purple dashed line is from
the data for elastic neutrino nucleon scattering from the
COHERENT Collaboration[56]. The black dashed line
shows the constraint from neutrino trident observations
by the CCFR Collaboration[11]. The blue dashed line
shows the exclusion limit from the LHC data of the pro-
cess Z → 4µ[11, 51, 52].
Figure 7(a) corresponds to Mµ˜L=Mµ˜R=500 GeV,
M0=70 GeV, M1=400 GeV, M2=800 GeV, µ= 400
GeV and tanβ=35. Figure 7(b) corresponds to
Mµ˜L=Mµ˜R=935 GeV, M0=100 GeV, M1=450 GeV,
M2=650 GeV, µ=400 GeV and tanβ=33.5. The rest
of the SUSY parameters have been chosen judiciously
for both plots: tan γ=1.1, µ1=0.008 GeV, µη=-3 TeV,
yη/yη¯=3 ×10−6 and the RPV λ couplings are fixed at
10−4. The two plots were chosen to represent two differ-
ent regions with differing magnitudes of the SUSY con-
tribution to muon (g − 2). Figure 7(a) represents the
scenario where there is a large SUSY contribution as op-
posed to Fig. 7(b) where it is comparatively lower and
both the SUSY and Z ′ contributions are by themselves
insufficient to explain the anomalous magnetic moment
of the muon. In addition, the grey regions are ruled out
from measurements of lj → liγ branching ratios. The
strongest constraint comes from the Br(µ → eγ) mea-
surements while the other branching ratios are always
much smaller than the current upper bounds for our
choice of yη/yη¯. The parameter space where the con-
tribution from Z ′ dominates (MZ′ < 1 GeV) is already
ruled out, and hence it is the SUSY contribution that we
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(a) (b)
FIG. 7: Parameter space for the Z′ gauge boson showing the regions relevant to (g−2)µ. The red region is for the contribution
from gauged U(1)Lµ−Lτwithout considering SUSY , while the green region corresponds to our model. The brown region is the
overlap. The dashed lines denote respective exclusion limits:purple for COHERENT neutrino elastic scattering experiment, red
for the data from Borexino, black for CCFR data for neutrino trident observation and blue for Z → 4µ data from the LHC.
The CCFR and Z→4µ exclusion regions have been taken from Ref[11], while the Borexino and COHERENT exclusion regions
are from Ref[56]. Panel (a) represents the scenario where there is a large SUSY contribution, as opposed to Panel (b) where it
is comparatively lower. The grey regions are ruled out from µ→ eγ branching ratio measurements[33].
need to consider carefully. It is very clear from these plots
that large regions of the MZ′−gX plane open up in terms
of (g−2)µ while the non-SUSY U(1)Lµ−Lτmodels are al-
ready almost ruled out. More importantly, as we increase
the SUSY contribution, the (g − 2)µ allowed region fills
up the unconstrained parameter space in the MZ′ − gX
plane. Of course, how far we can push the SUSY contri-
bution is limited by the Br(µ → eγ) measurements. A
larger SUSY contribution to the muon (g − 2) anomaly
also entails a larger branching ratio for lj → liγ processes.
This applies constraints to a hitherto unconstrained re-
gion in the MZ′ − gX plane (MZ′ > 10 GeV). A detailed
calculation of these branching ratios was given in Sec. VI
and Appendix C. In a second analysis, plot the (g − 2)µ
against the physical masses of the lightest neutralino and
chargino and the slepton soft SUSY-breaking mass in Fig.
8. The SUSY parameters that affect our analysis were
scanned randomly in the region
100 GeV < ML˜ < 2 TeV, 100 GeV < µ,M1,2 < 2 TeV,
1 GeV < MZ′ < 1.5 TeV, 0.01 < gX < 1,
10−6 < yη < 5× 10−6, −10 TeV < µη < −1 TeV,
0 GeV < M0 < 2 TeV, 0 GeV < Al < 2 TeV,
100 GeV < B,Be < 2 TeV, 10 < tanβ < 50.
The conditions of yη − yη¯ equality and tγ = 1 were al-
lowed to be violated by up to 20% and the trilinear RPV
couplings were allowed to run from 10−4 to 5 × 10−4
while µ1 was allowed to run from 5× 10−3 to 0.02. The
most stringent bounds on the sparticles from the latest
data sets were applied along with the model-independent
kinematic constraints on the sparticle masses from the
combined result of the four LEP collaborations, just as
it was done for all previous analyses. The correspond-
ing region allowed in the MSSM and constrained only by
LEP data is shown in yellow in the same plots[63]. We
find that the Z ′ contribution and the SUSY contribu-
tion complement each other so that we can have heavier
sparticle masses than we could in the MSSM while still
explaining (g− 2)µ. The approximate nondecoupling be-
havior that is observed is due to the extra contribution
coming from the Z ′ loop. We have separately checked
that the SUSY contribution alone shows the typical de-
coupling behavior, as expected. However, it still allows
for a heavier particle spectra than can be afforded in
pure MSSM. We have shown the data considering the
most stringent sparticle limits[4, 57, 58]. This comes
from the 3l final-state searches at the LHC in chargino-
neutralino pair production with slepton-mediated decays.
We have also obtained similar data sets considering more
relaxed bounds–the 2l final-state searches and just the
LEP bounds–where we can also satisfy muon (g − 2) for
heavier sparticle masses compared to the MSSM.
VI. lj → liγ FLAVOR-VIOLATING PROCESSES
Following the conventions of Sec. V and the calcula-
tions of Ref.[64], we can calculate the branching fractions
of the lepton-flavor-violating processes lj → liγ from the
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(c)
FIG. 8: ∆aµ plotted against the lightest neutralino and chargino masses, along with the left-handed slepton soft mass. The
2σ allowed region for ∆aµ is shown between the dashed lines. The yellow region is the allowed region from the MSSM (taken
from Ref[63])
effective Lagrangian
Leff = e
mlj
2
l¯iσµνF
µν(ALijPL +A
R
ijPR)lj . (79)
The Feynman diagrams contributing to these processes
are given in Fig. 9. The contributions involving squarks
in the loops have been neglected as we assume their
masses to be larger than a few TeV. The branching ratio
for these processes is given by,
BR [lj → liγ] = 48pi
3α
G2F
(∣∣ALij∣∣2 + ∣∣ARij∣∣2) . (80)
The amplitudes ALij and A
R
ij are the left- and right-
handed components respectively, of the sum of contri-
butions from all of these diagrams, namely, chargino-
neutral scalars, neutralino-charged scalars, Z-chargino,
W -neutralino and Z ′-chargino fields circulating in the
loop:
ALij = A
L,χ˜0S˜±
ij +A
L,χ˜±S˜0
ij +A
L,χ˜±P˜ 0
ij
+ AL,Zχ˜
±
ij +A
L,Z′χ˜±
ij +A
L,Wχ˜0
ij
ARij = A
L
ij(L/R→ R/L). (81)
Detailed expressions for the amplitudes and the couplings
have been relegated to Appendix C.
The current experimental upper bounds on the branch-
ing ratios of these processes at 90% C.L. are[33],
BR[µ→ eγ] < 4.2× 10−13
BR[τ → eγ] < 3.3× 10−8
BR[τ → µγ] < 4.4× 10−8. (82)
The contribution of the right-handed amplitudes AR
always dominates the branching ratios over the AL for
all of the processes. There are no direct couplings in our
model that can lead to these processes, which are there-
fore proportional to mixing matrix elements connecting
the lepton flavors. These mixings are controlled by the
RPV couplings in our model. There are two distinct sce-
narios where the branching ratio BR(µ → eγ) does be-
come large enough to have been observed by experiments.
The first case is when the neutralino-charged scalar and
chargino-neutral scalar contributions dominate over the
rest of the amplitudes. In this case, the contributions are
directly proportional to and controlled by the magnitudes
of the bilinear R-parity violating parameter µi appearing
in our model, either explicitly or effectively when η/η¯ ac-
quire VEVs. There is, however, a second scenario unique
to this class of models: the contribution from the Z ′
gauge boson. This contribution is controlled by the mass
of the new gauge boson and the magnitude of its coupling
constant gX . Large contributions to BR(µ → eγ) from
18
lj li
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S˜0X/P˜
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X
χ˜±A
lj li
Z/Z ′
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lj li
χ˜0A
W±
FIG. 9: Diagrams contributing to lj → liγ processes.
these two sources, resulting in the total branching ratio
exceeding 4.2×10−13, occupy two different corners of the
MZ′ -gX plane (see Fig.7 and related text in Sec. V B).
The first process is dominant when the mass of the gauge
boson is large and the coupling is small, i.e. when the
effective parameters µ2 and µ3 are large. This is in sharp
contrast to the second case which becomes pertinent only
when the mass of the gauge boson is below 1 GeV and
the branching ratio increases with increasing gX .
Still, neither of these situations really matter when
it comes to a viable parameter space that can explain
both neutrinos and the muon magnetic moment simul-
taneously. To this end we must note that the bilinear
RPV parameters that control the branching ratios play a
vital role in neutrino mass generation. Similarly, the Z ′
loop contributing to these processes also makes up for the
most important source of the muon anomalous magnetic
moment in our model. As a result, large contributions to
lj → liγ branching ratios from the fermion-scalar loops
become significant only when the µi parameters are too
large to accommodate neutrino masses below 0.1 eV. On
the other hand, when the contribution of the additional
gauge boson to BR(µ → eγ) is larger than the current
experimental upper bound, its contribution to the muon
anomalous magnetic moment is also too large. The am-
plitudes pertaining to W± and Z are always negligible
compared to the three sources of lepton-flavor violation
discussed above.
VII. CONCLUSION
We began with an attempt to explore whether gauged
U(1)Lµ−Lτ extended SUSY could help improve the cur-
rent situation when it comes to neutrino oscillation data
and the muon anomalous magnetic moment given the
current experimental bounds on SUSY itself. The min-
imal model with the MSSM field content required the
sneutrinos to acquire nonzero vacuum expectation val-
ues so that the gauged U(1)Lµ−Lτ is spontaneously bro-
ken. This lead to two different problems. First, when
both the sneutrinos charged under the new gauged sym-
metry acquired VEVs the model suffered from the Ma-
joron problem wherein we had a massless CP−odd scalar
and its light CP−even partner which could couple to the
Z-Boson. Second, even when only one of the sneutrinos
acquired a VEV, we found that the neutrino mass ma-
trix had a texture that was impossible to fit to current
oscillation data. Hence the minimal model was ruled out
and the nonminimal model was adopted.
Now, there are two extra fields that are singlets under
all other gauge symmetries except U(1)Lµ−Lτ and acquire
VEVs to spontaneously break the symmetry instead of
the sneutrinos. This allowed us to avoid the Majoron
problem altogether. We found extremely intriguing re-
sults when it came to neutrino mixing. Under two very
simple assumptions, the model resulted in the most µ−τ
symmetric mass matrix. These conditions were that the
two new fields acquire VEVs of equal magnitude and sign,
and that the two new Yukawa couplings be equal. Of
course, this mass matrix yielded maximal atmospheric
mixing and a zero θ13 which is ruled out by current data.
So we parametrized deviations from this exact mixing
pattern with two parameters for the two conditions and
this allowed us to obtain multiple regions where the cor-
rect neutrino oscillation could be explained. Deviations
in the Yukawa coupling equality complemented that in
the equality of the VEVs in the sense that the former
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alone is insufficient to fit neutrino data but is often nec-
essary in conjunction with the latter.
In parallel, we conducted a numerical analysis of the
muon anomalous magnetic moment in our model. A scan
over the entire parameter space showed that we can ex-
plain the observed magnetic moment of the muon for
much larger values of the sparticle masses compared to
the MSSM. We also observed an intriguing nondecou-
pling behavior in the plots of ∆aµ vs sparticle masses ow-
ing to the presence of the Z ′ boson which can make up for
any decrease in the SUSY contribution with heavier spar-
ticle masses. As expected, decoupling was still observed if
we did not consider the Z ′ contribution. Finally, we com-
bined both of these analyses to show two representative
regions of the parameter space (Fig. 3) where neutrino
oscillation data may be reconciled with muon magnetic
moment measurements. It is possible to fit neutrino os-
cillation data with both normal and inverted hierarchies
of the masses. In the plot showing these regions, we su-
perposed the regions explaining (g − 2)µ, which further
restricted the parameter space in both cases. Still, it is
possible to obtain a parameter space where the model
explains neutrino oscillation data along with the muon
anomalous magnetic moment.
Last, we conducted a full study of the charged lepton-
flavor-violating processes lj → liγ in our model. We
found that there are two possible situations where the
branching ratio BR(µ → eγ) may constrain our model.
However, these regions are either already ruled out by
other experiments and result in a prediction of (g − 2)µ
that is too large, or they give rise to neutrino masses that
are too large to accommodate current oscillation data.
We included the contours of the constrained region from
these processes in the plots wherever they were pertinent.
We conclude that in any region of physical interest, the
branching ratios are predicted in our model to be too
small to have been detected by experiments to date.
Some interesting signatures for this model at the
LHC would be the three or more leptons plus miss-
ing energy final state, involving supersymmetric par-
ticles in the intermediate states. For example, pp→
µ˜+µ˜−Z ′/ν˜µν˜∗µZ
′/ν˜µµ˜+Z ′ processes can lead to multilep-
ton final states along with ET/ . In addition, contributions
to multilepton final states (with or without ET/ ) involv-
ing SM particles and Z ′ can also be present. A detailed
analysis with all possible final states requires a separate
dedicated study, which we plan to undertake in a future
work.
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Appendix A: Scalar Mass-Squared Matrices
1. CP−even mass squared matrix
The CP−even mass-squared matrix was derived using
Eq. 17 in the basis,
(ν˜eR, ν˜µR, ν˜τR, h
0
dR, h
0
uR, ηR, η¯R). We assume that gm is
zero. The mass matrix may be expressed as
M2
S˜0
= Beven + M˜
2
even (A1)
where
Beven = 
µ21 µ1µ2 µ1µ3 Betβ −Be 0 0
µ1µ2 µ
2
2(1 + t
2
ξ) µ2µ3 µµ2 −µµ2 cotβ µηµ2tξ cot γ −µηµ2tξ
µ1µ3 µ2µ3 µ
2
3(1 + t
2
ξt
2
γ) µµ3 −µµ3 cotβ −µηµ3tξtγ µηµ3tξt2γ
Betβ µµ2 µµ3 Btβ −B 0 0
−Be −µµ2 cotβ µµ3 cotβ −B B cotβ 2µ22tξ 2µ23tξtγ
0 µηµ2tξ cot γ −µηµ3tξtγ 0 2µ22tξ −Bη cot γ Bη
0 −µηµ2tξ µηµ3tξt2γ 0 2µ23tξtγ Bη −Bηtγ

M˜2even = diag
(
M2
L˜e
+ m˜21,M
2
L˜µ
+ m˜22,M
2
L˜τ
+ m˜23, (MZ)2×2, (MZ′)2×2
)
(A2)
and
(MZ)2×2 =
(
M2Zc
2
β −M2Zcβsβ
−M2Zcβsβ M2Zs2β
)
(MZ′)2×2 =
(
M2Z′s
2
γ −M2Z′sγcγ
−M2Z′sγcγ M2Z′c2γ
)
(A3)
where all the parameters are as defined for the minimiza-
tion equations and m˜2i =
M2Z
2 c2β +Q
i
XM
2
Z′c2γ .
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2. CP -Odd mass-squared matrix
The CP−odd mass-squared matrix is constructed by
taking second derivatives according to Eq.17 in the basis
(ν˜eI , ν˜µI , ν˜τI , h
0
dI , h
0
uI , ηI , η¯I). The symmetric matrix is
given by
M2
P˜ 0
= Bodd + M˜
2
odd (A4)
where
Bodd = 
µ21 µ1µ2 µ1µ3 Betβ Be 0 0
µ1µ2 µ
2
2(1 + t
2
ξ) µ2µ3 µµ2 −µµ2 cotβ −µηµ2tξ cot γ −µηµ2tξ
µ1µ3 µ2µ3 µ
2
3(1 + t
2
ξt
2
γ) µµ3 µµ3 cotβ −µηµ3tξtγ −µηµ3tξt2γ
Betβ µµ2 µµ3 Btβ B 0 0
Be −µµ2 cotβ µµ3 cotβ B B cotβ 2µ22tξ 2µ23tξtγ
0 −µηµ2tξ cot γ −µηµ3tξtγ 0 2µ22tξ −Bη cot γ −Bη
0 −µηµ2tξ −µηµ3tξt2γ 0 2µ23tξtγ −Bη −Bηtγ

M˜2odd = diag
(
M2
L˜e
+ m˜21,M
2
L˜µ
+ m˜22,M
2
L˜τ
+ m˜23, 0, 0, 0, 0
)
. (A5)
Again, all of the parameters are as defined for the min-
imization equations. There are two exactly zero eigen-
values of this mass matrix that correspond to the two
Goldstone modes arising from the spontaneous breaking
of the gauge symmetries to U(1)em. The correspond-
ing matrix in the MSSM has just one zero eigenvalue.
The extra Goldstone mode corresponds to the breaking
of U(1)Lµ−Lτ and gives mass to the Z
′ boson.
3. Charged scalar mass-squared matrix
The charged scalar mass-squared matrix is calculated
from the total potential 36 using Eq. 17 in the ba-
sis u+ = (h+u , h
−†
d , e˜
†
L, µ˜
†
L, τ˜
†
L, E˜e, E˜µ, E˜τ )
T and u− =
(h+†u , h
−
d , e˜L, µ˜L, τ˜L, E˜
†
e , E˜
†
µ, E˜
†
τ )
T . The respective terms
may be written down as
u+TM2
S˜±u
− (A6)
where,
M2
S˜± = B± + M˜
2
± (A7)
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and,
B± = 
B cotβ+ B+ Be µµ2 cotβ µµ3 cotβ meµ1 mµµ2 mτµ3
M2W c
2
β M
2
W cβsβ
B+ Btβ+ Betβ µµ2 µµ3 meµ1tβ mµµ2tβ mτµ3tβ
M2W cβsβ M
2
W s
2
β
Be Betβ µ
2
1 +m
2
e µ1µ2 µ1µ3 meXt µ2µλ2tβ µ3µλ3tβ
µµ2 cotβ µµ2 µ1µ2 µ
2
2 +m
2
µ µ2µ3 0 mµXt 0
−µ1µλ2tβ
µµ3 cotβ µµ3 µ1µ2 µ2µ3 µ
2
3 +m
2
τ 0 0 mτXt
−µ1µλ3tβ
meµ1 meµ1tβ meXt 0 0 m
2
e 0 0
mµµ2 mµµ2tβ µ2µλ2tβ mµXt 0 0 m
2
µ 0
−µ1µλ2tβ
mτµ3 mτµ3tβ µ3µλ3tβ 0 mτXt 0 0 m
2
τ
−µ1µλ3tβ

M˜2± = diag
(
0, 0, M2
L˜e
+ l˜L1, M
2
L˜µ
+ l˜L2, M
2
L˜τ
+ l˜L3,M
2
e˜R + l˜R1, M
2
µ˜R + l˜R2, M
2
τ˜R + l˜R3
)
(A8)
with Xt = A−µ tanβ, l˜Li = QiχM2Z′c2γ+( 12−c2W )M2Zc2β
and l˜Ri = −QiχM2Z′c2γ − (1− c2W )M2Zc2β .
This matrix has one exactly zero eigenvalue, as ex-
pected, that gives mass to the W± gauge bosons.
Appendix B: Chargino Mass Matrix
The mass terms in the Lagrangian corresponding to
charged fermions can be written as
L± ⊃ −1
2
(ψ−TXψ+ + ψ+TXTψ−) +H.c. (B1)
where
ψ− = (iW˜−, h˜−d , e
−
L , µ
−
L , τ
−
L )
ψ+ = (iW˜+, h˜+u , e
+
R, µ
+
R, τ
+
R )
and X is the chargino mass matrix,
X =

M2
√
2MW sβ 0 0 0√
2MW cβ µ 0 0 0
0 µ1 me 0 0
0 µ2 0 mµ 0
0 µ3 0 0 mτ
 (B2)
This may also be written in a more compact form by
introducing the vector,
ψ± = (ψ−, ψ+) (B3)
and
M± =
(
0 X
XT 0
)
(B4)
such that,
L± = −1
2
ψT±M±ψ± + h.c. (B5)
In order to diagonalize the mass matrix X we need two
matrices–one that transforms ψ− (U) and another that
transforms ψ+ (V )–so that
U∗XV † = mχ˜± . (B6)
The matrices U and V diagonalize the matrices XXT
and XTX respectively. The charged leptons e, µ and
τ also enter our chargino mass matrix and, in general,
mix with the wino and Higgsino. However, this mixing
is extremely weak and hence the relevant mixing matrix
elements in the calculations may be taken to be unity.
It is for this reason that they also do not enter into our
neutrino mass matrix calculation.
Appendix C: Charged Lepton Flavor Violation
We follow and extend the calculation for lj → liγ am-
plitudes and couplings given in Ref.[64]. The couplings
for the calculation are defined below. We denote the sign
of the neutralino mass eigenvalue by A.
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1. Chargino-chargino-neutral scalar couplings
V ccsLiAX =
1√
2
[
Vi4
(− λ122UA4U∗S˜0X1 + yµUA2U∗S˜0X2
+ λ122UA3U
∗
S˜0X2
)
+ yeVi3UA2U
∗
S˜0X1
+ Vi5
(− λ133UA5U∗S˜0X1 + yτUA2U∗S˜0X3
+ λ133UA3U
∗
S˜0X3
)]
(C1)
V ccsRiAX =
1√
2
[
U∗i4
(− g2V ∗A1U∗S˜0X2 − λ122V ∗A4U∗S˜0X1
− yηV ∗A2U∗S˜0X6
)
+ U∗i3
(− g2V ∗A1U∗S˜0X1
+ λ122V
∗
A4U
∗
S˜0X2
+ λ133V
∗
A5U
∗
S˜0X3
)
+ U∗i5
(− g2V ∗A1U∗S˜0X3 − λ133V ∗A5U∗S˜0X1
− yη¯V ∗A2U∗S˜0X7
)]
(C2)
2. Chargino-chargino-neutral pseudoscalar
couplings
V ccpLiAX =
i√
2
[
Vi4
(− λ122UA4U∗P˜ 0X1 + yµUA2U∗P˜ 0X2
+ λ122UA3U
∗
P˜ 0X2
)
+ yeVi3UA2U
∗
P˜ 0X1
+ Vi5
(− λ133UA5U∗P˜ 0X1 + yτUA2U∗P˜ 0X3
+ λ133UA3U
∗
P˜ 0X3
)]
(C3)
V ccpRiAX =
i√
2
[
U∗i4
(− g2V ∗A1U∗P˜ 0X2 + λ122V ∗A4U∗P˜ 0X1
+ yηV
∗
A2U
∗
P˜ 0X6
)
+ U∗i3
(− g2V ∗A1U∗P˜ 0X1
− λ122V ∗A4U∗P˜ 0X2 − λ133V ∗A5U∗P˜ 0X3
)
+ U∗i5
(− g2V ∗A1U∗P˜ 0X3 + λ133V ∗A5U∗P˜ 0X1
+ yη¯V
∗
A2U
∗
P˜ 0X7
)]
(C4)
3. Chargino-neutralino-charged scalar couplings
V cnsLiAX = A
[
V ∗i3
(−√2g1N∗A5U∗S˜±X6 − yeN∗A7U∗S˜±X3
+ yeN
∗
A1U
∗
S˜±X2
)
+ V ∗i4
(−√2g1N∗A5U∗S˜±X7
+
gX√
2
N∗A4U
∗
S˜±X7 − yµN∗A7U∗S˜±X4
+ yµN
∗
A2U
∗
S˜±X2 − λ122N∗A1U∗S˜±X4
+ λ122N
∗
A2U
∗
S˜±X3
)
+ V ∗i5
(−√2g1N∗A5U∗S˜±X8
− gX√
2
N∗A4U
∗
S˜±X8 − yτN∗A7U∗S˜±X5
+ yτN
∗
A3U
∗
S˜±X2 − λ133N∗A1U∗S˜±X5
+ λ133N
∗
A3U
∗
S˜±X3
)]
(C5)
V cnsRiAX = U
∗
i3
( g1√
2
N∗A5U
∗
S˜±X3 +
g2√
2
N∗A6U
∗
S˜±X3
− yeN∗A7U∗S˜±X6 + λ122N∗A2U∗S˜±X7
+ λ133N
∗
A3U
∗
S˜±X8
)
+ U∗i4
( g1√
2
N∗A5U
∗
S˜±X4
+
g2√
2
N∗A6U
∗
S˜±X4 −
gX√
2
N∗A4U
∗
S˜±X4
− yηN∗A9U∗S˜±X1 − yµN∗A7U∗S˜±X7
− λ122N∗A1U∗S˜±X7
)
+ U∗i5
( g1√
2
N∗A5U
∗
S˜±X5
+
g2√
2
N∗A6U
∗
S˜±X5 +
gX√
2
N∗A4U
∗
S˜±X5
− yη¯N∗A10U∗S˜±X1 − yτN∗A7U∗S˜±X8
− λ133N∗A1U∗S˜±X8
)
(C6)
4. Chargino-chargino-Z couplings
V ccZLiA =
g2
cW
(1
2
Ui1U
∗
A1 +
(
1
2
− s2W
)
δiA
)
(C7)
V ccZRiA =
g2
cW
(
V ∗i1VA1 +
1
2
V ∗i2VA2 − s2W δiA
)
(C8)
5. Chargino-chargino-Z′ couplings
V ccZ
′
LiA =
gX
2
(
Ui5U
∗
A5 − Ui4U∗A4
)
(C9)
V ccZ
′
RiA =
gX
2
(
V ∗i5VA5 − V ∗i4VA4
)
(C10)
6. Chargino-neutralino-W couplings
V cnWLiA = −Ag2
[
Ui1N
∗
A6 +
1√
2
(
Ui2N
∗
A7
+ Ui3N
∗
A1 + Ui4N
∗
A2 + Ui5N
∗
A3
)]
(C11)
V cnWRiA = g2
[ 1√
2
V ∗i2NA8 − V ∗i1NA6
]
(C12)
7. The neutralino-charged scalar amplitude
We provide the expression for the left-handed ampli-
tude only; the corresponding right-handed amplitude is
given by ARij = A
L
ij (L/R→R/L).
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AL,χ˜
0S˜±
ij =
10∑
A=1
7∑
X=1
1
32pi2
1
m2
S˜±X[
fn (x
n
AX)V
cns
LiAXV
cns∗
LjAX
+ hn (x
n
AX)
mχ˜0A
mlj
V cnsLiAXV
cns∗
RjAX
]
, (C13)
where
xnAX =
(
mχ˜0A
mS˜±X
)2
(C14)
and
fn(x) =
1− 6x+ 3x2 + 2x3 − 6x2 log x
6(1− x)4 ,
hn(x) =
1− x2 + 2x log x
(1− x)3 . (C15)
8. The chargino-neutral scalar amplitude
The amplitude is
AL,χ˜
±S˜0
ij =
5∑
A=1
7∑
X=1
− 1
32pi2
1
m2
S˜0X[
fc (x
cs
AX)V
ccs
LiAXV
ccs∗
LjAX
+ hc (x
cs
AX)
mχ˜±A
mlj
V ccsLiAXV
ccs∗
RjAX
]
. (C16)
We use the definitions
xcsAX =
(
mχ˜±A
mS˜0X
)2
,
fc(x) =
2 + 3x− 6x2 + x3 + 6x log x
6(1− x)4 ,
hc(x) =
−3 + 4x− x2 − 2 log x
(1− x)3 . (C17)
9. The chargino-neutral pseudoscalar amplitude
The left-handed amplitude for the chargino-neutral
pseudoscalar loop is given by
AL,χ˜
±P˜ 0
ij =
5∑
A=1
5∑
X=1
− 1
32pi2
1
m2
P˜ 0X[
fc (x
cp
AX)V
ccp
LiAXV
ccp∗
LjAX
+ hc (x
cp
AX)
mχ˜±A
mlj
V ccpLiAXV
ccp∗
RjAX
]
, (C18)
where,
xcpAX =
(
mχ˜±A
mP˜ 0X
)2
. (C19)
10. The chargino-Z0 boson amplitude
The amplitude is defined to be
AL,Zχ˜
±
ij =
5∑
A=1
1
32pi2
1
M2Z[
fz (x
z
A)V
ccZ
RiAV
ccZ∗
RjA
+ hz (x
z
A)
mχ˜±A
mlj
V ccZRiAV
ccZ∗
LjA
]
, (C20)
with
xzA =
(mχ˜±A
MZ
)2
,
fz(x) =
8− 38x+ 39x2 − 14x3 + 5x4 − 18x2 log x
6(1− x)4 ,
hz(x) =
−4 + 3x+ x3 − 6x log x
(1− x)3 . (C21)
11. The chargino-Z′ boson amplitude
This amplitude is given by
AL,Z
′χ˜±
ij =
5∑
A=1
1
32pi2
1
M2Z′[
fz
(
xz
′
A
)
V ccZ
′
RiA V
ccZ′∗
RjA
+ hz
(
xz
′
A
) mχ˜±A
mlj
V ccZ
′
RiA V
ccZ′∗
LjA
]
(C22)
with
xz
′
A =
(mχ˜±A
MZ′
)2
. (C23)
12. The neutralino-W± boson amplitude
The amplitude is
AL,Wχ˜
0
ij =
10∑
A=1
− 1
32pi2
1
M2W[
fw (x
w
A)V
cnW
RiA V
cnW∗
RjA
+ hw (x
w
A)
mχ˜0A
mlj
V cnWRiA V
cnW∗
LjA
]
, (C24)
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with
xwA =
(
mχ˜0A
MW
)2
,
fw(x) =
10− 43x+ 78x2 − 49x3 + 4x4 + 18x3 log x
6(1− x)4 ,
hw(x) =
−4 + 15x− 12x2 + x3 + 6x2 log x
(1− x)3 . (C25)
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